Perceived egocentric direction (EVD) is based on the sensed position of the eyes in the orbit and the oculocentric visual direction (eye-centered, OVD). Previous reports indicate that in some subjects eye-position information from the two eyes contributes unequally to the perceived EVD. Findings from other studies indicate that the retinal information from the two eyes may not always contribute equally to perceived OVD. The goal of this study was to assess whether these two sources of information covary similarly within the same individuals. Open-loop pointing responses to an isolated target presented randomly at several horizontal locations were collected from 13 subjects during different magnitudes of asymmetric vergence to estimate the contribution of the position information from each eye to perceived EVD. For the same subjects, the direction at which a horizontally or vertically disparate target with different interocular contrast or luminance ratios appeared aligned with a non-disparate target estimated the relative contribution of each eye's retinal information. The results show that the eye-position and retinal information vary similarly in most subjects, which is consistent with a modified version of Hering's law of visual direction.
Introduction
Perceived egocentric visual direction (EVD, the direction referenced to one's self, and specifically the head) is based on the combination of eye position and retinal information (oculocentric visual direction, OVD). Extraretinal signals of eye position provided by ocular muscle proprioception (Bridgeman & Stark, 1991; Buisseret & Maffei, 1977; Gauthier, Nommay, & Vercher, 1990; Steinbach & Smith, 1981) and efference copies (Bock & Kommerell, 1986; Bridgeman, 1995; von Holst & Mittelstaedt, 1950; Walls, 1951) allow the brain to monitor the position of the eyes in the orbits. OVD is the direction of an image with respect to a reference location on the retina (generally the fovea) or to one or more other retinal images (Howard, 1982; Mansfield & Legge, 1996; Walls, 1962) . The perception of OVD is assumed to be mediated by a local sign mechanism (Charnwood, 1965; Hering, 1868 Hering, /1977 Mather, 1969 Mather, /1983 Matin, Pearce, Matin, & Kibler, 1966; Ogle, 1972; Ono & Mapp, 1995; Walls, 1951) . According to this mechanism, each point in the visual cortex is associated with a specific retinal point and, for a specific eye position, each retinal point in turn is associated with a specific direction in space. Hering's laws of visual direction provide predictions for the combination of eye-position and retinal information to perceived EVD. According to these laws, the eye-position information from both eyes is averaged, and the perceived EVD of a foveated target lies on a line that passes from approximately midway between the eyes through the intersection of the visual axes (Barbeito & Ono, 1979; Hering, 1868 Hering, /1977 Ogle, 1972; Ono, 1991; Ono & Weber, 1981; Verhoeff, 1925) . Similarly, the retinal information from the two eyes is averaged to determine the perceived OVD of an object that is imaged at similar locations in the two eyes (Hering, 1868 (Hering, /1977 Nakamizo, Shimono, Kondo, & Ono, 1994; Sheedy & Fry, 1979; Verhoeff, 1925; Wheatstone, 1838) .
There is general agreement among previous studies that the eye-position information from both eyes contributes to perceived EVD (Barbeito & Simpson, 1991; Erkelens, 2000; Ono & Weber, 1981; Park & Shebilske, 1991; Simpson, 1992) . However, the results of these studies show that, during binocular viewing, some observers exhibit between-eye differences in the contribution of the eye-position information to perceived EVD. For example, Barbeito and Simpson (1991) measured the contribution of eyeposition information from the two eyes during asymmetric vergence produced by stepping a target in front of only one eye, and reported that the eye-position information from each eye does not always contribute equally to the perceived EVD. Other studies showed either qualitatively (Charnwood, 1949) or quantitatively (Ding & Sperling, 2006 , 2007 Francis & Harwood, 1951; Mansfield & Legge, 1996; Sheedy & Fry, 1979 ) that the retinal information from the two eyes contributes to perceived OVD. The results of these studies indicate that when the images in the two eyes differ in terms of luminance (Charnwood, 1949; Francis & Harwood, 1951; Verhoeff, 1933) , contrast (Ding & Sperling, 2006 , 2007 Mansfield & Legge, 1996) , or blur (Charnwood, 1949) , then the perceived OVD shifts towards the image with the higher luminance or contrast, or lesser blur, implying a differential weighting of the retinal information from the two eyes.
Although these previous studies evaluated the contributions of each eye's position or retinal information to perceived EVD and OVD, none of them addressed whether the two sources of information covary with respect to one another. An assumption that is made implicitly in the literature is that the position and the retinal information from each eye vary similarly. The purpose of the current set of experiments is to evaluate this implicit assumption. To do so, we determined in a group of normal observers the relative contributions to perceived direction of the eye-position and retinal information from the two eyes. We then compared these two measures within subjects to determine whether these two sources of information covary with one another.
General methods and subjects
Experiments 1 and 2 reported below in Sections 3 and 4 determined the contributions of eye-position and retinal information from the two eyes to perceived EVD and OVD, respectively. Relative contributions of eye-position information from the two eyes were determined from open-loop pointing errors. Relative contributions of the retinal information to perceived OVD were assessed by determining the perceived direction of images with binocular retinal image disparity compared to an image with no retinal image disparity. Experiments 2a and 2b determined the perceived OVD for horizontally disparate targets that differed either in contrast or luminance in the two eyes, respectively. Experiment 2c determined perceived OVD for vertically disparate targets that differed in contrast in the two eyes. Estimates of ocular dominance obtained by a hole-in-the-card test, comparison of monocular contrast sensitivities, and a blur-suppression test are reported in Section 5. Finally, in Section 6, we compare the relative contribution of eye-position and retinal information for the same subjects. Thirteen subjects participated in Experiments 1 and 2a. Twelve and ten subjects participated in Experiments 2b and 2c, respectively. All of the subjects had best-corrected visual acuity of at least 20/ 20 in each eye and were orthotropic. One subject had refractive errors of À4.50 D and À2.00 D in the right and left eyes, respectively. Except for this subject with anisometropia, none of the subjects had any history of abnormal binocular vision. The subjects wore their refractive correction during the experiments. All subjects voluntarily provided written informed consent in accordance with the tenets of the Declaration of Helsinki, after the University of Houston Committee for the Protection of Human Subjects had reviewed the experimental protocol.
The stimuli for all experiments were displayed on a 120-Hz frame-rate, gamma-corrected Clinton monochrome monoray monitor and viewed from a distance of 50 cm. The images presented to the two eyes were interleaved in alternate video frames. Subjects viewed the stimuli through FE-1 ferro-electric goggles (Cambridge Research Systems) that were attached to a stand with a chinrest. This set-up helped to minimize the subjects' head movements. Synchronization of the video frames of the monitor with the ferro-electric goggles allowed for dichoptic image presentation. Control observations confirmed that none of the images presented to one eye were visible to the contralateral eye.
3. Experiment 1: determination of the relative contribution of eye-position information to perceived EVD
Stimuli and methods
In Experiment 1, the relative contribution of eye-position information from the two eyes was determined using an open-loop pointing task. The pointing target was a 'cross' with a luminance of 2.5 cd/m 2 presented on the monitor with a black background, in a completely dark room. The horizontal and vertical bars of the cross had a length and width of 39.7 and 5.3 arc min, respectively. Pointing responses were collected with no vergence demand and for four magnitudes of asymmetric vergence demand (5 PD   1 divergence, 5, 10, and 15 PD convergence), all determined with respect to the plane of the display monitor. On each trial, the pointing target was presented at one of 15 horizontal locations with respect to the eye without the asymmetric vergence demand, and was displaced from this position by an amount equivalent to the magnitude of the required vergence demand for the eye with the vergence demand. The 15 locations were the center of the monitor, and seven locations spaced one PD apart to the right and left of the center. After the subject fused the pointing target, (s)he indicated by pressing a button on a CT3 button box (Cambridge Research Systems) that (s)he was ready to point to the target. The shutters of the goggles then closed in front of both eyes, and a dim scale, marked horizontally in one PD intervals, replaced the pointing target on the screen. The scale was visible only to the experimenter. The subject pointed at the remembered location of the target using the index finger of the preferred hand, and the experimenter read the pointing response to the nearest half prism diopter. This sequence continued for 150 trials. The eye that responded to the asymmetric vergence demand and the magnitude of the vergence demand was randomized from trial to trial. After the subject removed his or her hand from the screen, a white screen was presented for 3 s before the next pointing target, to facilitate the visual recalibration of sensed eye position (Blouin, Amade, Vercher, Teasdale, & Gauthier, 2002) . Because the pointing target was presented at a constant distance, the accommodative demand was kept constant throughout the experiment.
To ensure that the vergence response was equal to the vergence demand, horizontal fixation disparity was measured for each magnitude of vergence demand using a pair of dichoptic Nonius lines separated vertically by 1.75°while the subject fixated on the fixation cross. Fixation disparity was measured just before the trials on which the pointing target for the eye without the asymmetric vergence demand appeared at the center of the monitor and at 6 PD to the right and left.
For each of the 13 subjects, pointing errors were calculated as the difference between the location where the subject pointed and the location of the target on the monitor for the eye without the vergence demand. The pointing error was calculated for each target location and for each magnitude of asymmetric vergence demand for the two eyes. To account for idiosyncratic errors, the pointing errors obtained during binocular viewing without any vergence demand were averaged across the 15 pointing-target locations for each subject. These errors are referred to as constant errors. The ''corrected'' pointing error on each trial for each subject, including the trials without any vergence demand, was determined by subtracting the constant error from each pointing error. Correction for the constant errors facilitates the combination of data across days.
To evaluate whether the pointing errors vary systematically for the 15 locations of the pointing target on the screen, we fit regres-sion lines to each subject's data for the largest vergence demand (15 PD), separately for asymmetric demands presented to the left and the right eye. Of the 26 fitted regression lines, only four had a significant (p < 0.05) variation of the corrected pointing error with target location. Because the number of significant relationships is small despite no correction for multiple statistical comparisons, we concluded that the subjects' pointing errors do not exhibit any systematic dependence on the location of the target on the screen. Therefore, in subsequent analyses pointing errors were pooled across 15 target locations for each asymmetric vergence demand that were presented to the right and left eye.
Because the magnitude of the vergence response (as determined from the fixation disparity measurements) was approximately equal to the magnitude of the vergence demand for all magnitudes of vergence demand in all the subjects, 'corrected' pointing errors were plotted directly against the magnitude of asymmetric vergence demand, separately for asymmetric vergence of the right and the left eye, for each of the 13 subjects. A straight line was fit to the data (combined across sessions) by minimizing the squared errors between the data and the fitted line, separately for the corrected pointing errors obtained during asymmetric vergence of the right and the left eye. A t-test for equality of slopes was performed separately for the data of each subject to determine whether the absolute values of the slopes fit to the pointing errors for each eye differed significantly.
Results
Across all subjects and vergence demands, the average standard deviation of the pointing errors was 3.1 PD. The representative plots in Fig. 1 shows that the 'corrected' pointing errors are in the direction of the eye that makes the asymmetric vergence movement. Specifically, asymmetric convergence of the right eye produces pointing errors towards the left, whereas asymmetric convergence of the left eye results in pointing errors towards the right. Asymmetric divergence with each eye produces the opposite direction of pointing errors. In all of the subjects, the corrected pointing errors increase as the magnitude of the vergence demand increases. The expected slope of the best-fit line based on Hering's law of visual direction is +0.5 for asymmetric vergence of the left eye and À0.5 for asymmetric vergence of the right eye. Table 1 lists the slopes of the lines fit to the pointing errors during asymmetric vergence of each eye, and the ratio of the slopes (Right eye slope/ Left eye slope) for each of the 13 subjects. As indicated at the bottom of the Table, the straight lines fit to the corrected pointing errors of the two subjects who performed the experiment twice had slopes that did not differ statistically between the two testing occasions. The slopes of the pointing-error functions determined for the left and right eyes differ significantly (p 6 0.05) in six of the 13 subjects. The mean sum of the unsigned slopes in the 13 subjects was 0.99 ± 0.18, which is close to the value of 1 that is expected on the basis of Hering's law.
Discussion
In this experiment, corrected pointing errors provided an estimate of the relative contribution of each eye's position information to perceived EVD. The variability of the pointing errors in this study is comparable to the average SDs of pointing errors between 2.6 and 5.2 PD reported previously by several authors (Barry, Bloomberg, & Heubner, 1997; Bedell, Klopfenstein, & Yuan, 1985; Bock & Kommerell, 1986; Gauthier, Berard, Deransard, Semmlow, & Vercher, 1985; Mann, Hein, & Diamond, 1979; Steinbach & Smith, 1981; Tadokoro, 1991) . In agreement with the prediction from Hering's laws of visual direction and the results of previous studies (Barbeito & Simpson, 1991; Erkelens, 2000; Simpson, 1992) , the eye-position information from both eyes contributes to perceived EVD during binocular viewing, as subjects made consistent pointing errors during asymmetric vergence in the direction of the converging or diverging eye's deviation.
The ratio of the absolute values of the slopes (RE/LE) provides an estimate of the magnitude of between-eye difference in the contribution of the eye-position information from the two eyes to perceived EVD. In particular, a ratio of 1 indicates an equal contribution of the eye-position information from the two eyes, and ratios more and less than 1 indicate a larger contribution of position information from the right and left eyes, respectively. In agreement with the previous report by Barbeito and Simpson (1991) , we found significant between-eye differences in the pointing errors in some of the subjects. Specifically, some subjects' pointing errors changed more when the position of one eye was deviated compared to the other. This outcome is contrary to Hering's law of visual direction, which assumes that the eye-position information from both eyes contributes equally to the perceived EVD during binocular viewing. Rather, the results indicate that the extent to which eye-position information is taken into account depends in some subjects on the eye that makes the asymmetric vergence movement. Barbeito and Simpson (1991) proposed that a difference in the contribution of eye-position information from the two eyes could occur either because the ''hypothetical'' cyclopean eye is shifted from a point between the two eyes towards one eye, or because of a difference in the weighting of the eye-position information from the two eyes. They distinguished between these alternatives by noting that the cyclopean eye could theoretically shift backward or forward from the corneal plane as well as laterally from the midpoint between the eyes, whereas a differential weighting of eyeposition information is equivalent to only a lateral shift. However, they concluded that these alternatives can not be distinguished readily from one another on the basis of experimental data. Their other suggestion, that between-eye differences in the weighting of eye-position information could occur as a result of a difference in the retinal input, is not supported by this experiment because in all subjects the best-corrected visual acuity was similar in the two eyes, identical targets of the same luminance and with essentially equal accommodative demand were presented to both eyes, and each subject's horizontal fixation disparity was approximately zero, such that in each eye the images of the target should have fallen very close to the fovea. The cyclopean eye is clearly a theoretical structure and there is still considerable controversy about its usefulness (Erkelens & van De Grind, 1994; Erkelens & van Ee, 2002; Ono, Mapp, & Howard, 2002) . We conclude therefore that the between-eye differences exhibited by approximately half of the subjects in our study are better described in terms of idiosyncratic difference in the weighting of eye-position information, wherein the eye that is afforded more weight contributes more to the perceived EVD.
Despite significant between-eye differences in the contribution of eye-position information to perceived EVD, the absolute values of the slopes fit to the pointing errors for the left and the right eyes add to approximately 1 in most of the subjects in our study. A similar outcome can be deduced from the results of Barbeito and Simpson's (1991) study. In the context of Hering's law, this result suggests that a decrease in the weighting of one eye's position information is offset by an approximately commensurate increase in the weighting of the eye-position information from the other eye.
In Experiment 2, we address whether differences in weighting exist also for the contribution of the retinal information from each eye to perceived OVD.
Experiment 2: determination of the relative contribution of retinal information from the two eyes to perceived OVD

Experiment 2a: stimuli and methods
The stimuli consisted of a binocular fixation cross and dichoptic reference and test targets. The fixation cross had the same dimensions as the pointing target in Experiment 1. The reference and test targets were presented above and below the fixation cross, respectively, with a vertical edge-to-edge separation of 1.75°. The reference and the test targets were identical, each subtending 45 arc min in width by 53 arc min in height. Both of these targets had blurred vertical edges, produced by a one-dimensional Gaussian filter with a standard deviation of 8.0 arc min. When viewed through the ferro-electric goggles, the background luminance seen by each eye was 8 cd/m 2 . The luminance of both the fixation cross and the reference targets was 12 cd/m 2 , yielding a Weber contrast of 50%. The test target had either the same or different contrasts in the two eyes. Log contrast ratios other than 0 were achieved by decreasing the contrast of the test target in one eye and increasing it in the other eye, so that the mean contrast remained at 50%. The fixation cross was presented separately to each eye with a horizontal separation that minimized each subject's horizontal fixation disparity. The upper reference target was presented with no horizontal retinal image disparity with respect to the fixation cross. The lower test target was presented with a horizontal binocular image disparity of 10.6 arc min (5.3 arc min for each eye), either in the crossed or uncrossed direction with respect to the fixation and the reference targets. During each block of 180 trials (90 trials each for the test target with crossed and uncrossed disparity), the test target was presented with one of six different log contrast ratios: À0.6, À0.3, 0, 0.3, and 0.6 (Left eye/Right eye). The contrast ratio chosen varied pseudorandomly from block to block. While keeping the horizontal binocular disparity constant, the average horizontal location of the dichoptic test target varied randomly from trial to trial between nine equally spaced horizontal locations, between 7.9 arc min to the right and 7.9 arc min to the left of the reference target.
The subject initiated each trial by fixating on the cross and pushing a button on the CT3 button box. The reference and the test targets then appeared simultaneously for 150 ms. During this presentation interval, the fixation cross disappeared, to minimize its ability to serve as an alignment cue. After each trial, the subject reported whether the fused test target appeared to the right or left of the reference target, using two other push buttons on the button box. The proportion of responses to the 'right' was tabulated separately for crossed and uncrossed disparities of the test target, and plotted against the nine horizontal locations at which the test target was presented. The values corresponding to 50% on the cumulative Gaussian functions that were fit to the crossed-and the uncrossed-disparity data gave an estimate of the lateral offsets (in arc min) at which the test and reference targets appeared in the same visual direction to the subject. These values will be referred to as the 'points of subjective equality' (PSEs). Positive and negative values of the PSE indicate that the test and reference targets were perceived to be in the same direction when the average direction of the test target was presented to the right and to the left of the reference target, respectively. Each subject repeated the experiment at least twice, either on the same or on a different day. The PSEs determined for the test targets with crossed and uncrossed disparity were plotted against the log of the contrast ratios. Straight lines that minimized the sum of the squared errors were fit separately to the crossed-and uncrossed-disparity data. The intersection of these two straight lines indicated the log contrast ratio at which the fused lines with crossed and uncrossed disparity were perceived to be aligned. The log contrast ratio that yielded alignment of crossed-and uncrossed-disparity targets was obtained also using a model fit, as described below in Section 4.8.
Experiment 2b: stimuli and methods
To measure perceived OVD for targets with different luminance ratios in the two eyes, the following alterations were made to the experimental set-up from Experiment 2a. The room in which the experiment was carried out was kept completely dark to eliminate any visible frame of reference. The luminance of the display monitor was approximately zero and the luminance of the fixation cross and the reference target seen by each eye was 2.5 cd/m 2 . During each block of 180 trials, the log interocular luminance ratio of the dichoptic test target was À1.2, À0.6, À0.3, 0, 0.3, 0.6 or 1.2, while the mean luminance of the targets seen by the two eyes was maintained at 2.5 cd/m 2 . The log luminance ratio at which the two straight lines fit to the PSEs for crossed-and uncrosseddisparity targets intersected was obtained as in Experiment 2a. -Vilupuru and Bedell (2009) suggested that horizontal and vertical disparities may exert different effects on the perceived direction of monocular line targets (reference and test targets) surrounded by binocular random dot stereograms for monocular target separation less than approximately 3°. To address this possibility for binocular targets, 10 subjects repeated Experiment 2a using targets with vertical retinal image disparity. To measure the perceived OVD for targets with vertical disparity, horizontal reference and test targets were presented to the left and right of the fixation cross, respectively, with a horizontal edge-to-edge separation of 1.75°. The reference target was presented with no vertical image disparity, and the test target was presented with either right-hyper or left-hyper disparity of 10.6 arc min. The rest of the experimental set-up, methods and analysis were identical to Experiment 2a, except that positive and negative values of the PSE indicate that the test and the reference targets were perceived to be in the same direction for test targets with right-hyper and left-hyper disparities, respectively. Fig. 2a and b shows the PSEs of one subject and the best-fit straight lines to the data obtained for targets with crossed and uncrossed disparity with different interocular contrast and luminance ratios. Fig. 2c shows data for the same subject, for targets with right-and left-hyper disparities and different interocular contrast ratios. The intersection points of the two straight lines fit to each subject's data are tabulated in the leftmost column of Table 2 , along with the 95% confidence intervals for the intersection points, obtained by bootstrapping. In four of the 13 subjects (DJ, DN, JQ, and QL), the fitted lines intersect at a log contrast ratio that is significantly greater than 0, indicating that the targets with crossed and uncrossed disparities were perceived in the same direction when the left eye's image had higher contrast. In the rest of the subjects, the log contrast ratio that yielded perceived alignment for the targets with crossed and uncrossed disparity did not differ significantly from equal contrast in the two eyes. Across the 13 subjects, the log contrast ratio that yielded perceived alignment of the crossed-and the uncrossed-disparity targets ranged from À0.05 to 0.43, with a median value of 0.07 log units. Fig. 2 . Points of subjective equality (PSEs) are shown for one subject for (a) different interocular log contrast ratios for horizontally disparate targets (b) different interocular log luminance ratios for horizontally disparate targets and (c) different interocular log contrast ratios for vertically disparate targets. In panels (a) and (b), the triangles and circles indicate PSEs on one set of trials for test targets with crossed and uncrossed disparity, respectively. In panel (c), the triangles and circles are PSEs for left-hyper and right-hyper disparity, respectively. The equation and coefficient of determination is included for each fitted line.
Experiment 2c: stimuli and methods
Hariharan
Results: experiment 2
For targets that differed in luminance in the two eyes, five subjects (BN, DJ, JW, QL and TP) required significantly higher luminance of the left eye's image for the targets with crossed and uncrossed disparities to be perceived as aligned (Table 2 , center column). For the subject with anisometropia (JW), the crossedand uncrossed-disparity targets had a log luminance ratio of 1.85 when the two targets were perceived to be aligned.
2 For the rest of the 11 subjects, the log luminance ratio that yielded perceived alignment of the crossed-and the uncrossed-disparity targets ranged from À0.26 to 0.69, with a median value of 0.17 log units. The rightmost column in Table 2 shows that the targets with vertical disparity were seen as aligned when the left eye had significantly higher contrast in six of the 10 subjects, and when the right eye had higher contrast in one subject. The median log contrast ratio that produced perceived alignment was 0.06, with a range between À0.07 and 0.23 log units.
As seen in Fig. 2 , the lines fit to the data for crossed and uncrossed (or right-and left-hyper) retinal-image disparities sometimes intersected above or below 0 arc min on the y-axis. We interpret these offsets of the intersection points from the x axis as constant errors of alignment, as have been reported previously in normal observers for separated Vernier targets (e.g., Bedell, Flom, & Barbeito, 1985; French, 1920) .
For 11 of the subjects who performed the OVD experiments with targets that differ in both contrast and luminance, orthogonal regression (Minitab 16 statistical software) revealed a significant relationship between the log contrast and the log luminance ratios that produced perceived alignment for targets with crossed and uncrossed horizontal retinal-image disparities (95% confidence intervals (CI) for the slope = 0.30-3.12; r = 0.63 3 , 95% CI = 0.04-0.89, p = 0.04). This relationship, shown in Fig. 3 , excludes the data of subject JW with anisometropia, whose log luminance ratio to produce perceived alignment for targets that varied in luminance is clearly an outlier. A statistically significant relationship also exists between the log contrast ratios that produced perceived alignment for targets with horizontal and vertical image disparities (95% CI for the slope = 0.17-1.08; r = 0.69, 95% CI = 0.11-0.92, p = 0.03, Fig. 4) . As indicated by their confidence intervals, the slopes of the regression lines in Figs. 3 and 4 do not differ significantly from 1.
Effects of varying test-target disparity and induced fixation disparity on OVD
It is possible that the observed shifts of the PSE in Experiment 2 toward the target with higher contrast (or luminance) occur because the disparity of ±10.6 arc min was too large for the observers to fuse. In particular, observers could have reported alignment when the center of the two overlapping monocular images of the test target was aligned with the fused image of the reference Fig. 3 . Comparison between the relative weighting of retinal information, as estimated using targets with different log contrast ratios (x axis) and log luminance ratios (y axis) in the two eyes. Each data point represents the results of one subject. The dashed line specifies perfect agreement. The solid line is the best fit to the data. Fig. 4 . Comparison between the relative weighting of retinal information, as estimated using targets with different interocular contrast ratios with horizontal (x axis) and vertical disparity (y axis). The dashed and solid lines are as in Fig. 3 .
Table 2
Log contrast ratio and log luminance ratios (and 95% confidence intervals) at which the lines fit to visual direction matches for crossed and uncrossed-disparity targets intersect.
Subject
Horizontal disparity log contrast ratio Horizontal disparity log luminance ratio Vertical disparity log contrast ratio a Bold symbols indicate subjects with log contrast or log luminance ratios that differ significantly from zero, indicating a significant between-eye difference in weighting.
2 Subject JW performed the experiment twice. On two individual trials, the log luminance ratios required to produce perceived alignment were 2.07 and 1.72. 3 The values of r and the associated CIs reported for the relationships shown in
Figs. 3-5 were determined by Pearson product-moment correlation.
target. Although this scenario is unlikely, subject DS repeated the experiment for targets with different contrast ratios and crossed and uncrossed horizontal disparities of 5.3 and 15.8 arc min. This manipulation produced a systematic change in the slopes of the lines fit to the crossed-and uncrossed-disparity data. The slopes of the lines fit to the PSEs for the targets with crossed and uncrossed disparity were averaged (neglecting sign) and plotted against the test-target disparity. A best-fit line was obtained, with a slope equal to 0.3 times the test-target disparity (r = 0.99). Most importantly, the relative weighting of the retinal information from this subject's two eyes (log values of 0.09 and 0.04) remained similar to the value obtained using targets with ±10.6 arc min of disparity (log value of 0.11). A second control experiment was performed on two subjects to assess the effect of vergence posture on the weighting of retinal information for targets with different contrast ratios in the two eyes. Vergence demands between 8 PD BO and either 12 PD or 20 PD BI (determined with respect to the distance of the monitor) generated fixation disparities between 8.7 arc min exo and 7.3 arc min eso in one subject, and between 13.5 arc min exo and zero in the other subject. As the direction of fixation disparity changed from exo to eso, there was a decrease in slopes of the lines fit to the PSEs for crossed-disparity targets and an increase in slopes for uncrossed-disparity targets. Despite the sizable changes in fixation disparity, and in the slopes of the best-fit straight lines, neither subject exhibited a systematic variation in the estimated weighting of retinal information (range of log contrast ratios = 0 to À0.26 in subject HB and 0.21 to 0.02 in subject DS).
Precision of direction judgments
The precision of the subjects' direction judgments was obtained from the slopes of the psychometric functions fit to the PSEs for crossed-and uncrossed-disparity targets in Experiments 2a and 2b, and for the right-and left-hyper disparity targets in Experiment 2c. Across the subjects who performed the OVD experiment for horizontally disparate targets, the average slopes were 2.71 ± 1.05 and 2.64 ± 1.14 arc min for contrast-and luminancevarying targets, respectively. The average slope for the 10 subjects who performed the experiment with vertically disparate, contrastvarying targets was 2.40 ± 1.04 arc min. The difference between the slopes for the contrast-and luminance-varying targets, and for the contrast-varying targets with horizontal and vertical disparities was not significant statistically.
Discussion
In agreement with Mansfield and Legge (1996) and Francis and Harwood (1951) , we found a systematic shift in the perceived OVD of a target presented with different interocular contrast or luminance ratios towards the eye that views the image of higher contrast or luminance, regardless of whether the target was presented with horizontal or vertical disparity. If the width of our bar target is considered to represent one half cycle of a grating, then the corresponding fundamental spatial frequency is equal to 0.67 cpd. The maximum absolute values of the PSEs that we found using bar targets are quantitatively comparable to those obtained by Mansfield and Legge (1996) for a 1 cpd Gabor grating presented with 10 arc min of horizontal disparity. However, our PSEs are smaller than the maximum PSEs of approximately 10 arc min reported by Sperling (2006, 2007) using 0.68 cpd targets with 11 arc min of vertical retinal image disparity.
We believe that the perceived direction of the horizontally and vertically disparate targets in this study represents the direction of the fused binocular image, rather than the direction of one eye's image during suppression of the opposite eye, as might occur because of interocular contrast or luminance differences or because of the large disparity of the test target. Evidence for fusion comes from an analysis of the subjects' psychometric functions. If the retinal information from either the left (or right) eye were constantly suppressed, then a test target with 10.6 arc min crossed disparity should have been seen consistently to the left (or right) of the reference target, at least up to an offset equal to half the test target's retinal image disparity. However, the subjects had PSEs that were less than the monocular component of the target's disparity: the average maximum unsigned PSEs for all subjects were 4.11 ± 0.29, 4.09 ± 0.31 and 4.52 ± 0.30 arc min (Mean ± SE) respectively, for contrast-and luminance-varying targets with horizontal disparity, and for contrast-varying targets with vertical disparity. PSEs that are smaller than the monocular component of disparity were obtained even when the target disparity was increased to 15.9 arc min in the control experiment (Maximum unsigned PSE = 7.46 arc min) that was described in Section 4.5, above. Another alternative to fusion is that the retinal information from the two eyes was suppressed alternately, in which case the slope of the psychometric functions for each of the interocular contrast and luminance ratios should have been shallow, on the order of 5 arc min. In contrast to this expectation, the slopes of the psychometric functions were similar to those reported previously for non-dichoptically viewed low spatial frequency targets (e.g., Bradley & Skottun, 1987; Chung & Bedell, 2003; McKee & Levi, 1987; Toet & Koenderink, 1988; Whitaker et al., 2002) . The relatively brief target duration in our study contains high temporal frequency information (Yang & Stevenson, 1997) , which might be expected to reduce the extent of Panum's fusional area (Schor & Tyler, 1981) . Nevertheless, our subjects did not report diplopia.
For between one and two thirds of the observers that we tested, the straight lines fit to the PSEs for targets with opposite directions of horizontal or vertical disparity intersect at a log contrast or luminance ratio that differs significantly from 0. We interpret these log contrast and luminance ratios to indicate the magnitude of between-eye differences in the weighting of retinal information from the two eyes. An intersection of the lines at a log contrast or luminance ratio of zero indicates that targets with opposite directions of disparity are seen in the same direction when the image contrast or luminance in both eyes is equal, which implies that the retinal information from both eyes is weighted equally. The intersection of the two lines at a ratio larger (or smaller) than zero indicates that targets with opposite directions of disparity are seen in the same direction when the image in the left (or the right) eye has a higher contrast or luminance, which suggests a greater weighting of the image from right (or the left) eye. In contrast to the assumption made by Hering's law, the results indicate that the retinal information from the two eyes does not contribute equally to perceived OVD in all subjects. Banks, van Ee, and Backus (1997) suggested that small vergence errors could affect the perceived OVD of binocularly disparate targets. In the current experiment, the slopes of the lines fit to the PSEs for the crossed-and the uncrossed-disparity data are expected to be equal in the absence of a fixation disparity and unequal in the presence of fixation disparity. Assume that the left and right eyes of a subject contribute equally to perceived OVD when the images in each eye have the same contrast. In addition, assume that the subject has an exo-fixation disparity that is equal to the disparity of the test target. Because of the fixation disparity, the zero-disparity fixation cross and reference target will fall on non-corresponding points (projected to the right of the fovea for the left eye, and to the left of the fovea for the right eye) rather than on corresponding foveal points. However, because the images of the reference target are presented with equal contrast in the two eyes, the fused reference target will always be perceived in the same, veridical direction. 4 The observer's exo-fixation disparity will cause the test target with uncrossed disparity to fall on corresponding foveal points. Therefore, it too always should be perceived in its veridical direction, regardless of the interocular contrast ratio. If the reference and uncrossed-disparity test targets are seen in the same direction regardless of the interocular contrast ratio, then the straight line fit to the uncrossed PSEs should have a slope of zero. For the crossed disparity test target, exo-fixation disparity will cause the left-and right-eye images to be projected more to the right and the left, respectively, than the reference targets in the same eyes. However, unlike the reference target, the perceived direction of the test target should shift according to the interocular contrast ratio, producing larger changes in the PSE than in the absence of fixation disparity, and therefore an increase in the slope of the best-fit straight line. Note, however, that the intersection between the straight lines fit to the uncrossed and crossed disparity data should be unaffected by fixation disparity, as the lines will cross at the interocular contrast ratio that yields equal weighting of the left and right eyes' retinal information. Changes in the slope, but not in the intersection point, of the straight lines fitted to the PSE data were observed when fixation disparity was introduced by displacing the targets on the monitor in the control experiment described in Section 4.5. Nevertheless, we minimized each subject's fixation disparity during the main experiment. In addition, the test targets were presented randomly on each trial with either crossed or uncrossed disparity, to minimize the likelihood of predictive vergence eye movements (Kumar, Han, Garbutt, & Leigh, 2002; Yuan, Semmlow, & Munoz, 2000) . To further minimize the possibility that the vergence posture would change, the duration of the test and reference targets was less than the latency of vergence (Krishnan, Farazian, & Stark, 1973; Rashbass & Westheimer, 1961) . Therefore, it is unlikely that the results of this study were affected to any meaningful extent by the presence of fixation disparity or by vergence eye movements. Heinrich, Kromeier, Bach, and Kommerell (2005) reported that that the ocular prevalence (a term for a preference given to the targets seen by one eye, when the targets are located close to the horopter) estimated from stereothresholds varies with the disparity of the binocular target for small disparities. In contrast, we found that between-eye differences in the weighting of retinal information remain approximately the same for test target disparities between 5 and 15 arc min, at least as determined in subject DS. The slopes of the lines fit to the PSEs for crossed-and uncrossed-disparity targets with different interocular log contrast ratios increased linearly as a function of horizontal disparity of the test target, as expected from the geometry of the viewing conditions. Our finding of no apparent change in the weighting of retinal information for targets with different horizontal disparities is consistent with the observation by Sheedy and Fry (1979) that the same eye was ''dominant for directionalization'' for the range of vertical target disparities that they used (2-6 arc min).
The relative weighting of retinal information determined for each subject for pairs of horizontally disparate targets with different contrast and luminance ratios, and for vertically disparate targets with different contrast ratios generally are in agreement (Table 2) . However, agreement between the relative weighting for targets of different contrast and luminance did not occur for all of the subjects. Specifically, the data of subject JW with anisometropia indicate only a small between-eye difference in the weighting of retinal information for stimuli that differ in contrast, but a substantially larger difference in weighting for stimuli that differ in luminance. If this result were confirmed in additional subjects, it would raise the possibility that two monocular images with unequal contrast or luminance are combined differently to determine the perceived OVD of the binocular image. Because a similar relative weighting of the retinal information from the two eyes occurs for horizontally and vertically disparate targets, we conclude that perceived OVD is not influenced substantially by the perception of stereoscopic depth. Sperling (2006, 2007) presented vertically disparate gratings of unequal contrast to the two eyes and asked their observers to specify the perceived location of the fused binocular grating. Their results provide evidence for a model in which the perceived location of the binocular grating is based on a nonlinear summation of the image contrast in the two eyes. Specifically, Ding and Sperling proposed that a high contrast image in one eye produces a relative attenuation of the contrast information from the other eye. This interactive gain control is incorporated into their model by applying exponents greater than one to the two monocular image contrasts. Ding and Sperling eliminated possible between-eye differences in the weighting of monocular images with different contrasts by averaging the results obtained for gratings with opposite phase relationships in the left and right eyes.
Modified Ding and Sperling model
We modified the Ding and Sperling model to include relative weighting of the retinal information from the two eyes and an idiosyncratic constant error. In addition, we fixed the disparity of the test target at 10.6 arc min. According to this modified model, the predicted PSE can be calculated as follows:
where D L and D R are the offsets of the target with respect to the fixation point in the left and right eyes (i.e., one half of the total binocular disparity in each eye, in arc min), W L and W R are the weighting of the retinal information in left and right eyes (where
, and C L and C R are the contrasts of the test target that are presented to the left and right eyes. The effective contrast of the test target shown to the left and the right eye is estimated by raising the physical contrast of the target to the exponent, 'g'. The parameters that were free to vary are the weight given to the retinal information from the left eye, the exponent g, and the constant error.
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The fminsearch function in MATLAB varied these free parameters to produce a fit that minimized the sum of the squared errors in the measured data. Ratios of the weights (W R /W L ), that are greater or less than 1 indicate that the retinal information from the right or the left eye, respectively, contributes more to perceived OVD. Applying the modified Ding and Sperling model to our results, the relative weighting obtained for targets of different contrast in the two eyes ranged from À0.03 to 0.26 log units, with a median value of 0.03 log units. Across subjects, the value of the fitted exponent 'g' ranged from 0.32 to 0.71, with a median value of 0.57. For targets of difference luminance in the two eyes, the between-eye difference in weighting for the eleven subjects tested ranged from À0.03 to 0.19 log units with a median value of 0.05 log units. The value of the fitted exponent 'g' ranged from 0.10 to 0.34 with a median value of 0.26.
For 10 of the 13 subjects who viewed horizontally disparate targets of different contrast, and for all 11 subjects (excluding JW) who viewed targets of difference luminance in the two eyes, the straight line fit accounted for a larger percentage of variance than the modified Ding and Sperling model. One possible explanation for the generally higher coefficients of determination obtained with the straight-line fits is that, unlike the modified Ding and Sperling model, the straight-line model does not assume that the PSEs for crossed and uncrossed disparities change reciprocally. Another possible explanation is that the straight-line fits do not require the PSEs to asymptote at a value equal to one-half of the target disparity, as the modified Ding and Sperling model does. Finally, the fitting of two straight lines involves four free parameters, compared to only three free parameters in the modified Ding and Sperling model. Sperling (2006, 2007) reported values of the exponent g that ranged from 1.18 to 2.27 for their three subjects, consistent with a reduction of the response gain in each eye based on the contrast of the target presented to the other eye. The values of the exponent, g, that we obtained using our modified version of the Ding and Sperling model are considerably lower. The apparent reason for the lower values of exponent in our study is that our subjects' PSEs are much smaller than the phase shifts that Ding and Sperling obtained for gratings with high interocular contrast ratios. In particular, the Ding and Sperling model assumes that the PSE should asymptote to the magnitude of the target disparity at the largest contrast ratios.
Despite these differences, the modified Ding and Sperling model predicts that the retinal information from the left eye is given more weight than that from the right eye (and vice versa) in the same subjects as the straight-line fits, both for targets that differ in contrast and in luminance.
In the next set of experiments, we determined how these measures of weighting relate to ocular dominance, measured using three different tests.
Comparison with measures of ocular dominance
Stimuli and methods
Ocular dominance was measured by a sighting task and two sensory tasks in subjects who participated in Experiments 1 and 2. The dominant eye for sighting was defined as the eye the subject used to view a 20/40 Snellen letter, seen at a distance of 20 ft. through a 3 cm diameter circular hole in an opaque card (Holein-the-card test). Each subject repeated the task four times. As one measure of sensory ocular dominance, we compared the monocular contrast detection thresholds for the reference target (a vertical line with blurred edges) that was used to measure perceived OVD in Experiment 2a. This target was enclosed within a square fixation cross (53 Â 53 arc min) to aid in detection. The other measure of sensory dominance was a variation of the blur-suppression test described by Schor, Landsman, and Erickson (1987) . The target consisted of a dichoptic cross identical to the cross used for pointing in Experiment 1. This cross was enclosed within a 1.1°Â 1.1°s quare that served as a fusion lock. The cross presented to one eye had 50% Weber contrast and was unblurred. The cross presented to the other eye was blurred by a two-dimensional Gaussian filter that generated a point spread function (PSF) with a full width at half height of 20.6 arc min. This width of the PSF is equivalent to that produced by 1.50 D of spherical dioptric blur for a 4 mm pupil diameter (Smith, Jacobs, & Chan, 1989) . Subjects altered the contrast of the monocularly blurred target using the method of adjustment, so that the fused target just appeared to be clear. For both the contrast detection and the blur-suppression tests, the monocular target and the blurred cross, respectively, were presented to each eye four times and the thresholds from each set of four trials were averaged. The direction (right or left eye) and magnitude of eye dominance were estimated from the ratio of the thresholds when the left vs. the right eye viewed the monocular or the blurred target. Specifically, a ratio of 1 indicates equal dominance, and ratios greater and lesser than 1 indicate right eye and left eye dominance, respectively.
Results and discussion
Each subject used the same eye consistently for sighting on the four trials of the hole-in-the card test. Ocular dominance, determined quantitatively as the log ratio of the contrast-detection and blur-suppression thresholds in the two eyes, ranged across subjects from À0.27 to 0.30 and from À0.62 to 0.25 log units, respectively. These two measures of sensory dominance do not exhibit a significant correlation (r = À0.46, p = 0.16). Table 3 compares the qualitative agreement between the three different measures of eye dominance and the weighting of eye-position and retinal information that were determined in Experiments 1 and 2. As can be seen in the table, the direction of eye dominance (right or left) did not agree consistently with the eye that was given higher weighting for eye-position or retinal information. In addition, orthogonal regression failed to show a significant quantitative relationship between the log contrast-detection ratio and the log weighting of eye-position or retinal information for either contrast-or luminance-varying targets (range of r values = À0.52 to À0.27). On the other hand, a significant positive relationship exists between the log blur-suppression threshold ratios and the weighting of retinal information as determined for luminance-varying targets (r = 0.69, p = 0.028). Similar positive relationships exist between the log blur-suppression threshold ratios and the log weighting of eye position and retinal information determined for horizontally and vertically disparate contrast-varying targets, but none of these relationships achieve statistical significance (r = 0.52 for all three comparisons). In general, these results are consistent with several previous reports that different measures of ocular dominance do not agree qualitatively or Table 3 Percentage of subjects displaying agreement between different measures of ocular dominance and eye-position and retinal information weighting. Values in parentheses indicate the number of subjects who exhibited agreement/number of subjects for each comparison.
Hole-in-the-card Contrast sensitivity Monocular blur suppression Eye-position weighting 61 (8/13) 54 (6/11) 64 (7/11)
Retinal information weighting Contrast Horizontal Disparity 61 (8/13) 55 (6/11) 54 (6/11) Luminance Horizontal disparity 64 (7/11) 60 (6/10) 50 (5/10) Contrast Vertical disparity 60 (6/10) 56 (5/9) 56 (5/9)
Note. Subject JW with anisometropia was classified as an outlier in the experiment on the weighting of retinal information for luminance-defined targets. Consequently, her data are not included in the table for the comparisons between eye dominance and the relative weighting of retinal information for targets of different luminance. JW exhibited right-eye dominance on each of the three eye-dominance tests, in agreement with her results for relative weighting of eye position and retinal information (Tables 1  and 2 ).
quantitatively with one other (Li et al., 2010; Pointer, 2007; Porac & Coren, 1976 Rice, Leske, Smestad, & Holmes, 2008; Robboy, Cox, & Erickson, 1990; Suttle et al., 2009; Walls, 1951) .
In the next section, we determined whether the contribution of eye-position and retinal information from the two eyes vary similarly within the same subjects.
Comparison of relative contributions of eye-position and retinal information
The ratio of the slopes in Table 1 were converted from linear to logarithmic units to foster comparison of between-eye differences in the weighting of eye-position information from Experiment 1 and the weighting of retinal information from Experiments 2a, 2b and 2c. Fig. 5a -c compares the relative weighting of eyeposition information and retinal information for horizontally disparate targets with different log interocular contrast and luminance ratios, and vertically disparate targets with different log interocular contrast ratios, respectively.
For the 13 subjects who participated in Experiment 2a and the 10 subjects who participated in Experiment 2c, the relationship between the weighting of the eye-position and retinal information for targets of different contrast was statistically significant (for horizontally disparate targets, 95% confidence intervals for slope: 0.21, 1.39; r = 0.63, 95% CI = 0.12-0.88, p = 0.02, Fig. 5a ; for vertically disparate targets, 95% CI for slope = 0.11, 1.10; r = 0.65, 95% CI = 0.04-0.91, p = 0.04, Fig. 5c ). Similarly, the relationship between the relative weighting of eye-position information and retinal information for targets of different luminance for the 11 subjects from Experiment 2b (excluding JW) also is significant (95% CI for slope = 0.85, 2.12; r = 0.76, 95% CI = 0.29-0.93, p = 0.007, Fig. 5b) .
A number of previous experiments on binocular visual direction (Barbeito & Simpson, 1991; Charnwood, 1949; Francis & Harwood, 1951; Hariharan-Vilipuru & Bedell, 2009; Mansfield & Legge, 1996; Ono & Weber, 1981; Verhoeff, 1933) assumed that the relative weighting of eye-position and retinal information from the two eyes is similar in the same subjects. The results of our experiments show that the contributions of the two eyes to eye-position and retinal information do vary similarly between the two eyes in most subjects.
Conclusions
In contrast to the predictions made by Hering's law of visual direction, the eye-position and retinal information from the two eyes do not contribute equally to perceived egocentric visual direction in all subjects. However, the relative contributions of eyeposition and retinal information are similar in most subjects. Because similar relative weighting of retinal information is found using horizontally and vertically disparate targets, the determination of perceived OVD does not depend substantially on perceived stereoscopic depth. Different estimates of ocular dominance do not agree with the relative weighting of eye-position or retinal-image information, or with each other. These results in subjects with normal binocular vision lay the groundwork for understanding how information about visual direction from the two eyes is combined in the presence of abnormal binocular vision, such as in subjects with strabismus. Fig. 5 . Comparison between the relative weighting of eye-position (x axis), as determined from pointing responses, and the relative weighting of retinal information, estimated using (a) horizontally disparate targets with different contrast in the two eyes, (b) horizontally disparate targets with different luminance in the two eyes, and (c) vertically disparate targets with different contrast in the two eyes. The relative weighting of eye position is specified as the log ratio of the slopes fit to the results when the right and left eye positions varied. The relative weighting of retinal information is given as the log interocular contrast or luminance ratio that resulted in perceived alignment between targets with crossed and uncrossed (or right and left hyper) disparity. In each panel, the dashed and solid lines have the same significance as in Fig. 3 .
